Semiconductor quantum dots and nanoparticles composed of metals, lipids or polymers have emerged with promising applications for early detection and therapy of cancer. Quantum dots with unique optical properties are commonly composed of cadmium contained semiconductors. Cadmium is potentially hazardous, and toxicity of such quantum dots to living cells, and humans, is not yet systematically investigated. Therefore, search for less toxic materials with similar targeting and optical properties is of further interest. Whereas, the investigation of luminescence nanoparticles as light sources for cancer therapy is very interesting. Despite advances in neurosurgery and radiotherapy the prognosis for patients with malignant gliomas has changed little for the last decades. Cancer treatment requires high accuracy in delivering ionizing radiation to reduce toxicity to surrounding tissues. Recently some research has been focused in developing photosensitizing quantum dots for production of radicals upon absorption of visible light. In spite of the fact that visible light is safe, this approach is suitable to treat only superficial tumours. Ionizing radiation (Xrays and gamma rays) penetrate much deeper thus offering a big advantage in treating patients with tumours in internal organs. Such concept of using quantum dots and nanoparticles to yield electrons and radicals in photodynamic and radiation therapies as well their combination is reviewed in this article.
Introduction

Quantum dots
Nanomaterials offer great promise in cancer targeting applications. One of them is quantum dots in the size range of 2-100 nm possessing unique tunable optical and targeting properties [1, 2] . Although biogenic nanosized particles appear naturally, engineered quantum dots differ because of their crystalline metalloid structure and quantum confinement effect, which occurs at sizes smaller than their Bohr radius of around 1-5 nm [3] . The main goal is to develop small probes with high selectivity, versatility, stability and capacity to penetrate cells and organelles [4] . Despite great enthusiasm in the field, reproducible fabrication and biological difficulties (aggregation, biocompatibility, non-specific binding, toxicity) are the challenges to meet. So far, most of the work on quantum dots is being focused in developing nanocrystals, their bioconjugation for tracking and imaging [5, 6] . The possibility to use quantum dots as sensitizers for cancer therapies remains unexplored.
Bioconjugation and imaging applications of quantum dots have been recently well documented in the review by Smith et al. [7] in this journal. Moreover, several other renowned works cover a broad range of aspects from synthesis [8] [9] [10] , surface modification and doping [11] to multicolour imaging [2, 5, 12] and cancer targeting [13] [14] [15] using quantum dots. Due to superior optical properties quantum dots are being now investigated as laser materials [16] . Therefore, this review will focus on yet scarcely explored aspect of applicability of quantum dots for cancer therapies, namely mechanisms of photosensitization and radiosensitization.
Possessing electronic energy levels in the range of 1-5 eV semiconductor quantum dots can perform as photosensitizers (Fig. 1, I -II) just like organic fluorophores [17, 18] . Due to high atom and electron density quantum dots should also act as enhanced absorbers of high-energy photons (X-rays and gamma rays) [19] acting thus as radiosensitizers (Fig. 1 , III-IV) and causing localized and targeted damage to cancer cells [20] .
Electronic states of quantum dots
In a bulk semiconductor an energy bandgap between its valence and conductance bands is a fixed factor determined by the nature of the semiconductor material. Sizing down the semiconductor crystal to less than Bohr radius a quantum confinement effect occurs, when electronic excitation states respond to the particle boundaries by adjusting their energy states (Fig. 2) . Therefore, the particles that exhibit such effect are termed quantum dots (QD or QDs) [11] . The lowest excited state corresponding to the transition 1S e − 1S h is commonly referred to as the first exciton state [21] . Decreasing or increasing size of QDs leads to respectively increase or decrease in energy gap: this changes their absorption spectra (appearance colour) and correspondingly shifts their emission wavelength to the blue or red spectral region. The Bohr radius is a characteristic of a material [22] . Three different Bohr radii can be defined:
where m is the rest mass of a particle such as electron (e), hole (h) or electron-hole pair (exciton, exc), m3 is the reduced mass ("effective" inertial mass) of the particle, ε is the material's dielectric constant, and a 0 is the Bohr radius of hydrogen (5.291772×10 −11 m). Depending on a radius (R) of a nanocrystal, QDs can be confined in three different regimes: strong confinement (R<a e , a h , a exc ), intermediate confinement (a e , a h , <R<a exc ) and weak confinement (a h <R<a e , a exc or a e <R<a h , a exc ).
Solving the Schrödinger equation for a spherical approximation of QDs, the energy gap depends reciprocally on the radius [8] . Due to symmetry of the problem in solving the wave functions [22] the energy levels are then described like atomic orbitals labelled by the quantum numbers α n,l (n =1, 2, 3, etc., l = s, p, d, etc.):
where E g,0 is an energy bandgap of bulk semiconductor, m eh = m e × m h /(m e + m h ) is effective mass of an electron-hole pair (exciton), m e and m h are effective masses of an electron and a hole, respectively. Like Jablonski's diagram schematically depicting electronic energy levels of organic molecules [23] and photochemical reactions occurring from their excited states [24] , a three level model can similarly outline energy states of QDs ( Fig. 1, II) . The QD level "c" is generally known as a "dark" or "trap" excitonic state since it is populated from the excited state "b" by non-radiative transition [25] . Existence of the "dark" state has been demonstrated by the dependence of luminescence properties of QDs under external magnetic field [26] . Such a "dark" state, comparable by its character to a long-lived triplet state of porphyrins, can generate singlet oxygen [18] . Photoexcited quantum dots and ground-state triplet oxygen have to be in contact to undergo triplet energy transfer (TET), as in the case of conventional PDT photosensitizers [27, 28] .
Overall, an ideal PDT photosensitizer should possess the following characteristics: it should 1) have a constant composition, 2) be simple to synthesize and easily available, 3) be non-toxic in the absence of light, 4) exhibit target specificity, 5) possess the energy of its excited state higher than 94 kJ/mol (0.97 eV, energy of singlet oxygen), 6) be quickly cleared from the body, 7) possess minimal self-aggregation, and 8) be photostable (no photobleaching). Quantum dots satisfy the first five criteria and are therefore promising new generation photosensitizers [17] .
Concern about toxicity: quantum dots from non-hazardous materials
Toxicity of "traditional" quantum dots
Lay and scientific communities are divided into two camps when concerning potential hazards of nanotechnology and its enthusiastic applications [29] . Synthesis of nanoparticles composed of less toxic materials is of great interest. Cadmium is potentially hazardous, and toxicity of such CdSe quantum dots to living cells, and humans, is not yet systematically investigated, and future human applications of CdSe dots are disputable. On the other hand, before nanoparticles composed of non-hazardous materials become available, use of CdSe quantum dots in experiments with cells in vitro might give good indication on how the quantum dot system actually behaves under stimuli such as radiation. Toxicity of "traditional" quantum dots is caused by colloidal instability due to release of Cd 2+ with subsequent generation of radicals [30] and malfunction of cellular organelles [31] . Indeed, it has been reported that CdTe quantum dots have much lower toxicity when they are purified by removing the free Cd 2+ ions [32] . To prevent cells and tissues from exposure to cadmium, quantum dots are stabilized with a shell. However, after prolonged circulation in the body the shell may deteriorate and thus yielded "naked" quantum dots may induce damage to plasma membrane, mitochondria and nuclei [33] . Cytotoxicity of quantum dots has been recently reviewed in this journal [7, 34] and elsewhere [3, 35] .
Quantum dots composed of zinc
Synthesis of water-soluble ZnS nanoparticles is available in the literature [36] . Like "traditional" quantum dots, for specific targeting these nanoparticles can be also coated with monoclonal antibodies, aptamers [37] , folic acid [38] or amino acids [39] . ZnS nanoparticles are prepared by precipitation method from precursors dissolved in aqueous solution. Resultant nanoparticles form a colloidal suspension. To minimize agglomeration a termination group, e.g. chitosan, methacrylic acid or cysteine, is attached during the synthesis. Polymer molecules adsorbed on the surface of the nanoparticles provide steric hindrance so that osmotic repulsion pushes nanoparticles apart from each other. Doping of the ZnS nanoparticles with Mn 2+ [40] [41] [42] [43] or Eu 2+ [44] [45] [46] produces fluorescent nanoparticles.
Furthermore, quantum dots doped with Mn 2+ or Eu 2+ may have strong luminescence and magnetism that can be potentially used for both fluorescence and magnetic imaging [42, 47] .
In some cases gamma radiation is used to facilitate colloid formation of ZnS nanoparticles [48] .
Bioactive silicon nanoparticles
Silicon might be a great candidate as the second most abundant element in the earth's crust. Briefly, initial polycrystalline silicon powder is chemically etched in a mixture of HF-H 2 O-HNO 3 resulting in nanoporous (npSi) material [49] . However, silicon being a dominant semiconductor has not yet been actively developed as biomaterial for cancer therapies. Porosity of silicon can be controlled very precisely with a pore size from less than 2 nm to more than 50 nm. Etched structures retain crystalline backbone with a skeleton covered by silicon hydride (SiH x ) surface. It is of great interest as a biodegradable material since the primary degradation product of slowly dissolving silicon is silicic acid (SiOH 4 ), which is its natural form readily eliminated from the body [50] . Surface of such npSi can be further terminated with various functional groups like carboxylate [51] or surfactants [49] to make them hydrophilic and dispersed in aqueous solutions. Property of npSi relevant for biomedical applications has been realized recently, namely ability to induce singlet oxygen under irradiation with visible light [52] . Moreover, observation of luminescence from singlet oxygen was reported for npSi with porphyrins immobilized in its pores [53] . A decade ago it was suggested that polycrystalline silicon might exhibit biological activity by bonding to tissues, behaviour similar to that of bioactive ceramics that might be exploited for implantable devices and biochips [54] .
Carbon dots
Another candidate is a ubiquitous element carbon. Recently, Sun and coworkers [55] found and reported carbon-based QDs or carbon dots, which are nanoscale carbon particles with simple surface passivation to exhibit strong photoluminescence in both solution and the solid state. The emission spectral features and properties of the available carbon dots are comparable to those of surface-oxidized silicon nanocrystals. The starting pristine carbon nanoparticles can be produced from the laser ablation of a graphite target in inert atmosphere under reduced pressure. The results from Raman spectroscopy, transmission electron microscopy (TEM), and X-ray diffraction (XRD) analyses all suggest that these carbon nanoparticles are largely amorphous. The carbon nanoparticles are by themselves non-emissive either in the solid state or in suspensions. However, upon simple surface passivation by attaching organic molecules, the particles become soluble in common organic solvents and/or water depending upon the attached functionalities. The microscopy results show that these soluble surface-modified carbon nanoparticles are well dispersed as individual particles with diameters of a few nanometers.
The surface passivation makes carbon nanoparticles into carbon dots, which exhibit bright and colourful photoluminescent in the visible to the near infrared [56] . Mechanistically, the photoluminescence has been attributed to the presence of surface energy traps, likely related to the abundant surface defect sites that become emissive upon passivation. In addition, the surface emissive sites of the carbon dots are likely quantum confined in the sense that a large surface-to-volume ratio is required for the strong photoluminescence. In fact, larger carbon particles (30-50 nm in diameter) with the same surface passivation are much less luminescent. Carbon dots are biocompatible, and they are non-toxic according to preliminary in vivo studies in mice. Carbon dots have also been conjugated with biological and bioactive species, including antibodies and molecules that target specific receptors, for optical bioimaging of cancer cells and tissues (Fig. 3) . Other potential bioapplications of carbon dots include their uses in the early detection and therapy of breast cancers, for which various levels of investigations are in progress. Carbon nanotubes functionalized with antibodies have been shown to effectively bind to breast cancer cells [57, 58] .
Role of endocytosis
Quantum dots are taken up by endocytosis and are retained in lysosomes [59] . This is confirmed by localization pattern of quantum dots in perinuclear region, similarly to that observed in immunofluorescence staining of lysosomal membrane protein LAMP-2 [60] . To enhance endocytosis quantum dots can be designed with cell penetrating peptides (CPPs) [61] , which consist of less than 30 amino acids and may be cationic or amphipathic [62] . As drug delivery vehicles CPPs must be small and simple to synthesize, able to be coupled to cargoes without losing their properties, selective, stable and non-toxic. Penetration through systems that are difficult to cross has been achieved, such as blood-brain barrier. Mechanisms of internalization of CPPs are not yet completely understood. Permeation of CPPs through cellular membranes was observed through endocytosis as well at low temperatures (0-4 °C) or in the presence of endocytosis inhibitors. In addition, inverted micelle mechanism is suggested where positively charged peptides interact with negatively charged head groups of phospholipids converting part of cellular membrane into an inverted micelle [63] . Peptides of distinctive sequences target different enzymes like caspase-1, thrombin, collagenase or chymotrysin [64] .
Another strategy would be targeting receptor-mediated endocytosis [12] . Quantum dots bound to specific peptidic receptors can be more effectively internalized [65] . Intracellular accumulation of quantum dots may also be enhanced by exploiting the fact that cancer cells possess more folate receptors since it is important for cells that rapidly divide. Such folatereceptor mediated delivery of quantum dots has been recently demonstrated in the literature for quantum dots [66] and the ones entrapped in liposomes [67] .
Lysosomal localization may not be advantageous during PDT or radiotherapy since radical generation may be limited to lysosomes. To enhance their intracellular radical generating ability, escape of quantum dots into cytosol must be stimulated. This can be done by irradiation with UV [59] or blue light [68] . For in vivo situation, UV and blue light has limited tissue penetration depth. Therefore, cells can be loaded with quantum dots together with dipeptides such as ala-ala, ser-tyr or tyr-ala, which have been shown to induce lysosomal rupture due to osmotic imbalance [69] .
Monitoring toxicity in real time using novel impedance technique
Interaction of mammalian cells with surfaces and focus on the kinetic aspects of this phenomenon is of great interest for science. Cell attachment is an important parameter to assess cancer cell potential for metastasis and tumour healing caused by their dynamic interaction with substrates and drugs. Most commonly cell behaviour is studied by imposing an effect to attached cells and quantifying cell density, morphology and number resisting to this treatment by microscopic or ultrastructural techniques. Non-destructive methods to monitor cell responses in real time are also available. Array of microelecrodes in chambers is used to record electrophysiological activity of cells [70, 71] . Bioelectrical potential of primary isolated epithelial cells was studied to determine whether the cells can maintain epithelial structure and function when isolated from mesenchymal framework [72] . In another study, cell-to-cell communications were studied by injecting a dye Lucifer yellow to a single cell through a microelectrode: electrical characteristics of the cells were measured with the electrode and transfer of the dye from the single cell to its neighbours by cell-to-cell gap junctions was observed in cell monolayers [73] . The method that applies external electrical field to sense cell spreading upon artificial surfaces in real time is referred to as Electric Cell-substrate Impedance Sensing (ECIS) with frequencies 400 Hz, 4 kHz and 40 kHz being used in most experiments [74] . Although the ECIS technique has been first described by Giaever and Keese [75] , it can still be considered novel. When a cell attaches to a small gold electrode, it reduces the detecting area in contact with culture medium and measured electric impedance increases because the cell membranes gradually block the current flow. Amount and type of protein coating the gold surface of the electrode are one factor effecting cell attachment, and protein type is significant [76] . When cells cover a gold electrode, various cell lines will attach at different rates; this in turn will be affected by exposing the cells to a treatment. From the impedance changes, several important properties of the cell layer can be determined such as barrier function, membrane capacitance, cell proliferation, motility and motion [77] . Use of ECIS to study cytotoxicity to chemical compounds experiences growing interest [78, 79] . Dynamics of cell invasiveness can also be studied looking at how cells with different metastatic potentials affect confluent monolayer of for example endothelial cells [80] . Measurements using ECIS of repopulation of mechanically disrupted cells in culture have been as well suggested as wound healing assay [81] .
The ECIS technique is becoming now a well-established technique to study chemical and physical factors and other dynamic processes [82] . Recently the first paper on the use of this technique to assess toxicity effects of quantum dots was published [83] . Concentration to achieve 50% inhibition was determined in fibroblast V79 cells for free metals and quantum dots: around 6 μM for Cd, 98 μM for Te, 140 μM for Zn, 154 nm for red CdSe/ZnS and 240 nM for green CdSe/ZnS [83] . For the cadmium selenide and telluride quantum dots, toxicity could be assigned to release of free cadmium. The quantum dots synthesized with indium gallium phosphide and gold nanoparticles were not cytotoxic for concentrations studied up to 200 nM and 45 μM, respectively [83] . No more studies for live monitoring of cell behaviour with quantum dots using ECIS assay have been reported so far. We are presently performing photolytic ECIS studies using CdSe/ZnS quantum dots to see whether exposure of cancer cells to the quantum dots and light leads to photodynamic impairment or stimulation of the cell growth and/or adherence.
Sensing cancer stem cells with quantum dots
Cancer stem cells are a population of cells that possess self-renewal property. Recently it has been hypothesized that cancer therapies might be more efficient if cancer stem cells are targeted [84] . After radiation therapy resultant living cancer cells could be labelled with quantum dots and thus stained. Tolerance of such clones to repeated radiation treatments could be a measure of stem cell population. Tracking stem cells with superparamagnetic iron oxide nanoparticles were first suggested [85] . Detection of mesenchymal stem cells (MSC) with quantum dots has been recently reported [86] . However, the authors observed decreased detection by flowcytometry of MSC labelled with quantum dots as cells proliferated in time. Long-term labelling of stem cells with quantum dots is suggested to study proliferation and tissue regeneration [87] .
The "other" quantum dots
Recently, novel luminescent probes are coming to light, which are believed to be more biocompatible than traditional quantum dots. As synthesized, quantum dots possess hydrophobic surface. To make quantum dots water soluble, their surface is modified with polar terminal groups or molecules.
Encapsulation of quantum dots in phospholipid micelles for biological imaging has been proposed [88] . Lipid structure of such nanoparticles can be easily exploited in bioconjugation of various targeting molecules to diversity of functional groups (NH 2 , SH, COOH, biotin, maleimide) available in phospholipids [89] . In a recent study, so-called lipodots were synthesized, where quantum dots were entrapped in a bilayer of phospholipid vesicles [67] . Such folate-targeted lipodots were used to target lymphoma cells with upregulated folate receptor, while colon carcinoma cells not expressing folate receptor did not uptake the lipodots [67] . Zeta potential and fluorimetry titration were used to study adsorption of quantum dots on the surface of such unilamellar vesicles forming stable hybrid giant vesicles [90] .
Novel flodots composed of silica nanoparticles doped with a dye consisting of luminescent organic and inorganic molecules dispersed inside silica matrix have been reported [91] .
Nanotransducers for conversion of two or more incident photons to a higher energy photon is another example of potential clinical use of nanocrystals [34] . Such upconverting nanoparticles (UCNs) composed of NaYF 4 doped with Yb 3+ and Er 3+ in a polymeric coating will allow treatment at deeper locations [92] .
Design of QDs based on bioluminescence energy transfer (BRET) has been suggested. It relies on QDs conjugated with fluorescent protein luciferase [93] or halotagluciferase [94] as energy donor. This concept solves light penetration issue. However, it suffers yet from few problems like administration of a foreign protein and a foreign enzyme substrate, which may have immunogenic potential, and dependence of light generation on enzyme distribution, i.e. extravasation from vasculature and tissue perfusion [95] .
Encapsulation of nanoparticles by polymers, phospholipids or inorganic shell prevents dissociation and provides anchor for biomolecule conjugation. Stable functionalization of QDs is still a challenge. Gold nanoparticles were encapsulated by amphiphilic diblock copolymers such as polystyrene, polyglutamic acid and polyacrylic acid producing small (4.8-6.6 nm) and stable polymer micelles [96] .
Silica-shelled QDs represent probably the most attractive alternative. Silica is bioinert materials while enabling incorporation of a variety of substances. Silica spheres can accommodate fluorescent and paramagnetic nanoparticles and administered without significant effect on physiological characteristics [97] .
Quantum dots as photosensitizers for cancer therapy
Principles of photosensitization
Since the first demonstration of the photodynamic action by Raab and von Tappeiner in 1897-1900 [98, 99] , great effort has been devoted towards the development of agents, which exhibit specific light absorption and tissue distribution properties. Photodynamic therapy (PDT) is a treatment modality that uses a photosensitizer, usually a porphyrin type pigment that preferentially localizes in target tissue, followed by exposure to visible light. Number of scientific publications has been increasing exponentially after the first report in 1972 [100] . PDT has recently become an approved treatment modality for some types of cancer and skin disorders [101] . However, only few, Photofrin, Photosan, Foscan, Photogem, Photohem, Levulan, Metvix [102] , of many experimentally investigated photosensitizers have received regulatory approval and for a small number of diseases [103] .
Since the first definitive observations by Herzberg in 1931 [104] singlet oxygen is now recognised as the main intermediate in photosensitized cell killing [105] [106] [107] . Photosensitized oxidation induces pathological effects such as cell damage, mutations, cell death and photooxidation of cell constituents such as proteins and DNA. Singlet oxygen can also be generated by amino acids and proteins absorbing UV [108] or directly by infrared radiation [109, 110] . Singlet oxygen besides acts as intermediate for activation or impairment of cell signalling pathways by producing oxidation products, which are either positive or negative regulators [111] . Closely related non-pathological redox reactions take place during photosynthesis [112] . Singlet oxygen ( 1 O 2 ) is not a free radical, but an electronically excited form of a dioxygen molecule [113, 114] , which has high reactivity with biomolecules [115, 116] . The destruction of biomolecules however is limited to the diffusion length of singlet oxygen, which is estimated to be less than 0.1 μm [117, 118] . Therefore, the localization of a photosensitizer is of crucial importance in targeting specific organelles by PDT [119] . It is important to notice that sensitization is not only important in photodynamic cancer therapy, but also in initiation of diseases. In 1959 Dr. Harman was the first to propose the free radical theory of aging and diseases: the cells' ability to produce adequate amounts of antioxidants is determined by age, inheritance, nutrition and stress. While for many years his theory was rejected, Harman's ideas have been validated in 1980-1990s [120] .
Generation of singlet oxygen by quantum dots
In PDT, cells are selectively killed by first chemically targeting them, ideally at the molecular level, with a photosensitizing agent. Next, the tissue is illuminated, and the photosensitizer generates singlet oxygen, which is highly cytotoxic. PDT is potentially useful because of its specificity: only cells in close proximity to the photosensitizer are affected, and the photosensitizer is not cytotoxic until illuminated, allowing excess unbound reagent to be cleared from the system. This specificity could be especially valuable in targeting tumour cells without harming the surrounding tissue. One photosensitizing agent, Photofrin®, has been approved for clinical use, but other agents are still being investigated. QD conjugates may have some advantages, in particular because of the large absorbance cross-section and the tunable optical properties.
The combination of semiconductor quantum dots with PDT photosensitizers enables the use of an excitation wavelength where the photosensitizer alone does not absorb [18] . This was the first demonstration of CdSe QD-based Förster Resonance Energy Transfer (FRET) to facilitate excitation of a phthalocyanine photosensitizer (Pc4), which is known to generate reactive singlet oxygen with quantum yield around 43%. The 77% measured FRET efficiency is encouraging; however, the 488 nm excitation used to excite the quantum dots will not penetrate deep into tissue, and no cell studies have been reported as yet. Since quantum dots exhibit broad absorption spectra, their conjugation to a PDT photosensitizer provides flexibility to utilize variable excitation wavelengths to activate the photosensitizer molecule. These authors have also demonstrated for the first time the emission of singlet oxygen at 1270 nm generated by the energy transfer from QDs alone under excitation at 488 nm with singlet oxygen quantum yield around 5% in toluene [18] . In another study, CdTe QD and aluminium tetrasulfophthalocyanine (QD-AlSPc) nanocomposites generated singlet oxygen with quantum yield around 15% compared to 1% of the QDs alone in D 2 O [121] . However, it was still lower compared to that of AlSPc alone (36%). The determined FRET efficiency of QD-AlSPc nanocomposites was around 58% [122] .
Several groups have already demonstrated cytotoxicity of QDs under exposure to UV radiation [17, 123] . Photosensitization by QDs in biological environments certainly warrants more investigations. This is further supported by studies showing singlet oxygen generation by quantum dot-organic dye nanocomposites: QD conjugates with mesotetra(4-sulfonatophenyl) porphine (TSPP) [124] , chlorine e6 and rose Bengal [125] . Singlet oxygen generation was shown for mixtures of QDs and photosensitizers with different quantum yields of singlet oxygen generation [126] , where the authors reported that extent of singlet oxygen enhancement is inversely proportional to the quantum yield of singlet oxygen generation. In the most recent study, strand breaks and damage to nucleobases in DNA were induced by photosensitization of QDs complexed with plasmid DNA [127] .
For two-photon PDT energy-transferring organically modified silica nanoparticles were recently reported [128] . The authors concluded that their approach of two-photon induced intraparticle FRET, based on the use of two-photon fluorescent aggregates as a donor and a photosensitizing drug as an acceptor, offers a simple and proper methodology for developing formulations of drug-carrier nanoassemblies applicable in two-photon activated PDT.
Generation of other radical species by quantum dots
Besides singlet oxygen, quantum dots generate other reactive oxygen and nitrogen species. We have recently conducted a series of studies with red-absorbing quantum dots and dihydrorhodamine 123, which is a reagent to monitor generation of hydrogen peroxide (H 2 O 2 ) and peroxynitrite (ONOO − ) [129, 130] . The solutions were exposed to red light (632 nm) that matches the first exciton peak of the QDs. Dihydrorhodamine 123 was rapidly oxidized to a green fluorescent product rhodamine 123 within few minutes of the red light exposure [68] . It is firmly established in the literature that peroxynitrite does not yield singlet oxygen [131] [132] [133] . Bandgap of quantum dots is also potentially enough to reduce oxygen to superoxide ( ) or oxidize water or hydroxide ions to hydroxyl radical ( • OH) [134] .
Exposure of prostate carcinoma Du145 cell cultures to blue light leads to increase in QD fluorescence [68] . Such photoactivation of QD fluorescence has been recently demonstrated for HeLa and BHK cells in vitro in another study [59] . This shows that a lot more QDs are endocytosed than can initially be judged by fluorescence microscopy (Fig. 4) . Moreover, fluorescence increase after light exposure might be a direct indication of lysosomal breakage induced by radicals generated by quantum dots. Such effect of photochemical internalization is known for some traditional photosensitizers. During endocytosis a photosensitizer is transported to endosomes and then to late lysosomes [135] . High local concentrations of the photosensitizer in the lysosomes result in its aggregation and fluorescence quenching. Upon light exposure, photosensitization is induced, which leads to destruction of the lysosomes and release of the photosensitizer into cytosol. In biological environments generation of radicals occurs in a concert; once a certain radical is formed it rapidly decomposes or dissociates into other radical species. Krinsky presented such a complex diagram of chemical, enzymatic and photochemical generation of reactive oxygen species [136, 137] . Our data [68] and that found in the literature so far [134] show that there is enough evidence to say that QDs generate radical species other than singlet oxygen during irradiation with ultraviolet and visible light. Whether the generation of these radicals by QDs is enough to be applied in cancer therapy, it remains to be studied.
Enhancement of QD fluorescence was also seen in pure organic and aqueous solutions of QDs exposed to ultraviolet radiation for extended periods, up to 750 min [138] . Such enhancement was possibly attributed to free radical hypothesis for water-soluble QDs ("oxygen passivation" of the QD surface), and surface chemistry for QDs in organic solvents (improvement of defects, surface passivation, structural changes in nanocrystal lattice).
Studies of toxicity of QDs are in an early phase [7] . It is assumed that QDs exposed to air or ultraviolet radiation release Cd 2+ and Se 2+ ions that may generate oxidative stress in living cells [30, 139] . Some photoeffects occurring in semiconductor nanocrystals can be learned from the investigations of solar cells. Absorption of light leads to electron transfer reactions at QDliquid interface [140] or at mesoscopic CdSe-TiO 2 films [141] . Semiconductor QDs under exposure to ultraviolet radiation develop excitons (e − and h + pair) [11] . Charge transfer between QDs and neighbouring molecules will compete with radiative and non-radiative decay, and energy transfer [142] . Formation of electron-hole pair occurs during photocatalyst action in the sunlight of TiO 2 in the form of mineral anatase, which possess energy bandgap of around 3 eV (around 400 nm) [143] . Generated • OH reacts with adsorbed water or organic molecules: even saturated hydrocarbons are known to be oxidized into CO 2 and H 2 O [143] . Photoexcited generation of and/or • OH in aqueous solutions and photoactivation of cytochrome P450 BSβ adsorbed on the surface of QD/P450 BSβ nanohybrids was observed [140] . Redoxspecific labelling of cells using QD-dopamine conjugates have been demonstrated in cells expressing human D2 dopamine receptors: upon ultraviolet irradiation, oxidation of dopamine was observed [123] . Recently anodic electrochemiluminescence of quantum dots [144] and photoelectro-chemical detection of superoxide radicals by quantum dots has been described [145] . Increased generation of nitric oxide during photolysis of water was increased when CdSe/ZnS quantum dots were present [146] . These are evidences so far for electron and/or energy transfer from QDs to nearby (bio)molecules capable of generating singlet oxygen and other radical species.
Quantum dots and nanoparticles as radiosensitizers for cancer therapy
Principles of radiotherapy
One of the major obstacles in curing cancer with cytostatics is the development of drug resistance. Radiation treatment of both glioma and prostate cancer requires high accuracy in delivering ionizing radiation to minimize toxicity to normal surrounding tissues.
Since its first reported medical use in 1896 radiotherapy is still the most common and efficient cancer treatment [147] . Principle of radiotherapy of cancer is its irradiation with high-energy radiation to destroy malignant cells in a treated volume. Radiation may act directly on a target by ionizing or exciting it and initiating chain of events leading to biological changes. Indirect action is when radiation interacts with other atoms or molecules to produce free radicals that diffuse and damage critical cellular targets [147] . There are two types of ionizing radiation, which usage depends on disease and its location: high-energy electromagnetic waves (X-rays and gamma rays) that ionize cellular compartments or water molecules and release high-speed electrons from the atoms, and particle radiation consisting of alpha or beta particles, electrons, neutrons or protons acting mainly directly on a target [148] . Neutrons being uncharged particles are highly penetrating compared to charged particles. Since water constitutes around 75-90% in biological systems, ionizing radiation cause damage to biomolecules mainly through radiolysis of water. Interaction of radiation with water knocks out an electron e − and produces a series of free or ion radicals such as hydroxyl OH • , hydrogen H • , water H 2 O + , H 3 O + , superoxide . Regardless of radiation source (linear accelerator, cobalt-60, cesium-137, iridium-192), the ionizing radiation damages a number of intracellular components with DNA being a primary target of these generated radicals [149] . Hydroxyl radical is considered to be the most reactive one inducing lipid peroxidation [150] , and its properties have been well documented by radiation chemists [151] . In recent years damage to cellular membrane resulting from production of reactive oxygen species by ionizing radiation has been recognised to mediate apoptosis [152] . Gamma radiation induces oxidative damage to phosphatidylcholine liposomes and changes permeability of the lipid bilayer [153] . In spite of being carcinogenic, low-dose radiation is widely used in diagnostic radiology. However, number of computed tomography screenings is exponentially increasing for the last two decades, so benefit/risk balance of diagnostic X-rays and possible creation of future public health problems has been questioned recently [154] .
Despite advances in neurosurgery and radiotherapy the prognosis for patients with malignant gliomas has changed little for the last decades [155] . Management of prostate cancer has progressed during the last decade due to improving radiation dose delivery and technological advancement from two-dimensional to three-dimensional imaging [156] . Evolution of radiation therapy techniques has added to improved survival rates in lung cancer, which is the second most commonly diagnosed cancer in the United States [157] . However, radiotherapy requires continuous advancements in chemotherapeutic targeting and radiation delivery technology. Treatment of lung cancer has a need of compensation for respiratory motion to minimize radiation dose to healthy lung tissues. Both glioma and prostate cancer require high accuracy in delivering ionizing radiation to minimize damage to surrounding tissues.
Radiosensitization by quantum dots and nanoparticles
Radiation sensitizers are drugs that enhance the effects of single or fractionated radiation therapy. There is considerably increasing interest in effective dose enhancement of ionizing radiation by particles [158] . Metallic nanoparticles can be used as adjuncts to radiotherapy. Proliferative, cytostatic and cytolytic activities of gamma radiation in combination with metallic nanoparticles in cancer cells are an emerging field. Tightly packed nanoparticles produced of metals should provide enhanced interaction cross-section with gamma photons. Thus, metallic nanoparticles may increase therapeutic efficiency of radiotherapy by selectively scattering and/or absorbing X-rays and gamma rays causing localized damage to DNA and other targeted organelles of cancer cells and thus decreasing total radiation dose to minimize side effects of ionizing radiation on cancer patients [19, 20] . Dose enhancement is believed to occur due to transport of photoelectrons scattered on these heavy metals [158] . This approach of using nanomaterial radiosensitizers (NMRS) is termed Nanoparticle Enhanced X-ray Therapy (NEXT) [159, 160] .
Potential candidates could be different quantum dots and nanoparticles (though most of them not tested yet with ionizing radiation and listed as possible candidates): CaF [161] , LaF [162] , ZnS [163] or ZnO [164] quantum dots, carbon dots [55] , liposomes loaded with hypoxic radiosensitizer ethanidazole [165, 166] or paclitaxel [166, 167] , DNA cross-linker cisplatin [168] , nanoparticle-photosensitizer conjugates [2] , silicon nanoparticles [52] , liposomes loaded with antioxidants such as catechines [169, 170] , theanines [171, 172] and curcumin [173, 174] , liposomes with entrapped radiosensitizers such as porphyrins [175] [176] [177] .
Polyphenol extracts from tea represent a special interest due to their dual behaviour: being strong antioxidants [150] these polyphenols exhibit also prooxidant activity in chemosensitization and radiosensitization [178] .
Recently some research has been focused in developing photosensitizing quantum dots [17] . Such light-activated eradication of tumours is also based on production of radicals upon absorption of visible light by such chromophore (quantum dot). In spite of the fact that this type of electromagnetic radiation, unlike gamma rays, is harmless, such photosensitization approach is suitable to treat only superficial tumours due to limited penetration of visible light. X-rays and gamma rays penetrate much deeper thus offering a big advantage in treating patients with nodular or deep tumours. Due to high atom and electron density metallic nanoparticles should act as enhanced scatters and/or absorbers of X-rays and gamma radiation [19, 20] acting thus as radiosensitizers and causing localized and targeted damage to cancer cells. Such concept of using chemicals and radiation to damage DNA is Auger therapy or photon activated therapy (PAT) [20] , where so-called Auger-electron emitters usually iodine (I-123 or I-125) complexes [179, 180] , are embedded in DNA to yield electrons and radicals around the DNA [181] . Lately, radiosensitization of DNA by gold nanoparticles of the size 1-12 nm bombarded with highenergy electrons resulted in generation of low-energy electrons by the gold nanoparticles, which induced increased DNA damage [182] . In another study, gold microspheres of the size 1.5-3.0 μm have been studied for selective dose enhancement of X-rays: in the presence of 1% gold particles dose enhancement factors ranged at about 1.36-1.54 at survival rate 10% [158] . In this work, preliminary attempts in tumour model resulted in modest radiosensitization by gold particles.
Radioprotection by nanoparticles
Radiolysis of water generates a series of its radical decomposition products that inactivate enzymes and damage cellular lipids, proteins and DNA. Postirradiation protection is another approach to reduce or reverse deleterious effects after exposure to ionizing radiation [174] . After World War II there was a great interest in developing chemicals, so-called radioprotectors, to protect humans from harmful effects of radiation. Already in 1949 it was shown that rats pretreated with the amino acid cysteine were protected against lethal doses of X-rays [183] . Later it has been found that supplementation with antioxidants [184] , selenium compounds [185] and a cytoprotective adjuvant amifostine [186, 187] alters cell radiosensitivity.
Recent studies also show radioprotective effect of various nanoparticles. Amifostine is not effective when given orally. However, amifostine containing copolymer nanoparticles, prepared using spray drying technique, have been shown to protect mice against injury induced by whole body gamma irradiation after oral administration of the nanoparticles [188] . When encapsulated in transferrin-coupled liposomes neuroprotective agent citicoline exhibits radioprotective effect in human ovarian adenocarcinoma cells overexpressing transferrin receptor. Such effect is considerably smaller in endothelial cells. However, free citicoline was found to be less radioprotective in the ovarian adenocarcinoma cells than in the endothelial cells [189] . Carbon nanoparticles also exhibit radioprotective effect. Fullerenes (C 60 ) diminished toxicity of radiation on zebra fish embryos by reducing generation of reactive oxygen species [190] . Fulleronols (C 60 [OH] X ) protected unicellular eukaryotes organisms against gamma radiation [191] . Cerium oxide nanoparticles (nanoceria) increased longevity of cells by reducing hydrogen peroxide and ultraviolet radiation induced injury [192] . Autoregenerative reaction cycle Ce 3+ ⇔ Ce 4+ occurs on the surface of the ceria nanoparticles: changing oxidation state from Ce 3+ to Ce 4+ might scavenge free radicals produced by radiation [192] .
Conversion of high-energy radiation rays into visible light photons
A new concept of scintillation detectors is an emerging example of interaction of ionizing radiation with quantum dots. Several metal chalcogenides such as ZnS, CdSe/ZnS are known to be highly efficient scintillators. The combination of sol-gel technique with inorganic nanocrystalline quantum dots will be a potential method in preparing novel scintillating devices [193] . It is expected that nanosized quantum dots will provide more electron-hole pairs, and simultaneously emitted visible light photons, per absorbed incident gamma photon compared to that of inorganic crystals currently used in scintillation detectors [194] . However, scintillation mechanisms of quantum dots are not yet completely understood. Advantage of using quantum dots as detectors of ionizing radiation is the possibility of tuning their bandgap according to the size of quantum dots. Solubility of quantum dots in both polar and non-polar solvents can also be controlled. So far, such scintillation conversion of high-energy radiation into visible light by quantum dots has been reported for gamma photons [194] , alpha particles [193, 195] and short wavelength ultraviolet [196, 197] .
Nanoparticle-based X-ray-induced photodynamic therapy
Light delivery is still a challenging issue for deep cancer treatment by PDT. Only near infrared light in the range of 700-1100 nm can penetrate deep into the tissue because most tissue chromophores, including oxyhemoglobin, deoxyhemoglobin, melanin, and fat, absorb weakly in the near infrared window [198] . Unfortunately, most available photosensitizers have absorption bands at wavelengths shorter than 700 nm. Porphyrins exhibit weak absorption maxima around 630 nm, and chlorines and bacteriochlorins have strong absorption maxima at around 650 and 710 nm, respectively.
All porphyrin-derived PDT compounds have a strong absorption band near 400 nm called the Soret band [199] . This means that the excitation in the UV-blue band is much more efficient for photodynamic therapy. Unfortunately, attempting to activate PDT through absorption at the Soret band is not practical because blue light has minimal penetration into tissue and even weaker satellite absorption peaks (Q-bands) between 600 nm and 800 nm, which are used for the treatment. To solve this problem, a novel approach to deep cancer treatment has been proposed by the combination of radiotherapy and PDT employing scintillating nanoparticles [200] . In this new concept of cancer treatment, photosensitizers such as porphyrins are conjugated to X-ray luminescent nanoparticles. When the nanoparticle-photosensitizer conjugates are targeted to the tumour and stimulated by X-rays during radiotherapy, the particles will generate light to activate the photosensitizers for PDT (Fig. 5) . Therefore, the radiation and photodynamic therapies are combined and occur simultaneously, and the tumour destruction will be more efficient. More importantly, it can be used for deep tumour treatment as X-rays penetrate deep into the body, as required for prostate cancer. The advantages of the new PDT-radiation therapy are: 1) two effective treatments (radiation therapy and PDT) are combined; 2) the modality is capable and efficient for deep cancer treatment; 3) the risk of radiation damage to healthy tissue is lower; and 4) the treatment is simple, relatively inexpensive and efficient.
To serve as PDT agents, nanoparticles selected for photosensitizer enhancement must meet the following requirements:
• The nanoparticle emission spectrum must match the photosensitizer's absorption spectrum. Matching the nanoparticle emission band with the absorption wavelength of the photosensitizer guarantees efficient activation of the photosensitizers and production of singlet oxygen. For example, if Photofrin is used, the nanoparticle must emit at approximately 400 nm to match the absorption band of Photofrin.
• The nanoparticles must have high luminescence efficiency, i.e., excitation by an energy source should result in strong emission by the nanoparticle. For example, if a scintillation nanoparticle is used, luminescence is produced as a result of excitation by radiation (scintillation luminescence), and the nanoparticle should emit strongly if excited by X-rays and other forms of radiation.
• The nanoparticles must be easily attached to or linked with photosensitizers.
• The nanoparticles must be non-toxic, water soluble, and stable in biological environments.
Matching the nanoparticle's emission spectrum to the photosensitizer's absorption spectrum is easily achieved because a nanoparticle's emission spectrum is dependent on the diameter of the nanoparticle. Thus, to meet the first requirement, the nanoparticles used are selected according to a size that provides a matching emission spectrum. Due to the greater electron-hole overlap, nanoparticles have greater luminescence quantum efficiency than conventional fluorophores and phosphors. This increased level of quantum efficiency yields greater oscillator strength and, as a consequence, enhanced luminescence efficiency. For this reason, nanoparticles satisfy the requirement for strong luminescence efficiency. Finally, satisfying the requirement for biocompatibility necessitates selecting nanoparticles of an appropriate composition or modifying the nanoparticles with coatings or attachments that enhance biocompatibility.
The above concept has been investigated by Chen et al. [201] . In these pilot studies, the authors have demonstrated that scintillation nanoparticles like LaF 3 :Tb 3+ can be used to activate photosensitizers to generate singlet oxygen for PDT [162] . The energy transfer from LaF 3 : Tb 3+ nanoparticles to meso-tetra(4-carboxyphenyl) porphine (MTCP) was measured by fluorescence quenching technique and lifetime changes. The transfer efficiency is typically measured using the relative fluorescence intensity of the donor (scintillation nanoparticles), in the absence (FD) and presence (FDA) of acceptor (photosensitizers):
The transfer efficiencies are estimated to be approximately 68, 52, and 50% for the emission bands at 542, 584 and 621 nm, respectively. This leads to an average transfer efficiency of 56.7% in the LaF 3 :Tb 3+ -MTCP conjugate system [162] .
As shown in Fig. 6 , a small amount of singlet oxygen was generated from MTCP by X-ray irradiation, while the singlet oxygen generation increased rapidly when MTCP was conjugated with LaF 3 :Tb 3+ nanoparticles [162] . This phenomenon can be attributed to the low stopping power of MTCP to X-rays. LaF 3 :Tb 3+ can be excited by X-rays to generate green emissions, where the MTCP absorbs strongly. Therefore, when MTCP is conjugated with LaF 3 :Tb 3+ particles, it can be excited by X-rays to generate singlet oxygen due to the excitation by the blue-green emission light from the LaF 3 :Tb 3+ nanoparticles. The luminescence of anthracenedipropionic acid (ADPA) started to be quenched at the X-ray dose of 0.22 Gy (0.5 min), indicating the generation of singlet oxygen. At the dose of 13.2 Gy (30 min), the luminescence was quenched almost 100%. This manifests that the generation of singlet oxygen by X-ray irradiation in the nanoparticle-MTCP system is efficient and the preliminary results are intriguing.
Chen et al. are trying to improve the nanoparticle-photosensitizer conjugates for practical application by: 1) improving the luminescence efficiency by core-shell structures; 2) improving the energy transfer rate by optimizing the spectral match between the nanoparticles and the photosensitizers; and 3) improving the biocompatibility by coating with ZnO and CaF 2 . For example, the average energy transfer rate in the LaF 3 :Tb 3+ -MTCP conjugates is 56.7% [162] while for ZnO-MTAP (meso-(o-amino-phenyl) porphine) conjugates the energy transfer is around 89% [164] . The dark toxicity and phototoxicity of ZnO-MTCAP conjugates in comparison with pure ZnO nanoparticles and MTCP using ovarian tumour cells are shown in Fig. 7 [164] . No toxicity was observed from pure ZnO nanoparticles either in dark or stimulated by the 365 nm UV light. However, phototoxicity was observed in ZnO-MTCP conjugates and their phototoxicity stimulated at 365 nm is much intense that MTCP alone. This could be attributed to the strong absorption of ZnO nanoparticles at 365 nm and the efficient energy transfer to the porphyrin [164] .
Nanoparticles as hypoxic radiosensitizers
Radiotherapy not always eradicates cancer cells completely due to the presence of resistant hypoxic cells. This phenomenon known as radioresistance [202] was already reported almost 100 years ago [203] . The level at which hypoxia causes radioresistance is less than 0.5% pO 2 [203] , a value similar to that reported as critical in PDTof cancer cells [204] . Synergistic effect of the combination of gamma radiation together with paclitaxel and etanidazole, which are known hypoxic radiosensitizers, has been reported [166] . This area has emerged as an interesting approach to treat hypoxic tumour cells by specific modification of tumour radiosensitivity. The mechanism(s) by which etanidazole acts as a chemo-and radiosensitizer are not known. The most important effects may involve interaction of its metabolites with the alkylating agent in the vicinity of DNA (see references therein [205] ).
Nanoparticles could be also exploited to challenge radioresistance since it could be expected that recoil energy occurring during interaction of such nanoparticle with a gamma photon would transfer energy or electrons into neighbouring biomolecules and damage them without presence of oxygen, i.e. without generation of oxygen radicals. To deliver large drug loads intracellularly, liposomes loaded with etanidazole can be exploited [165] .
Radiosensitization with nanoparticles loaded with antioxidants
Antioxidants act as free radical scavengers and thus protect from damage to DNA and other organelles. Biological activities of antioxidants include antithrombotic, vasodilatory and anticarcinogenic effects, as well as anti-inflammatory, antiallergic, antiulcer, antibacterial and antiviral properties [206] . Flavonoids are effective antioxidants from plants and protect cells from free radicals and lipid peroxidation because of their radical scavenging and metal ion chelating properties [150] . In addition to flavonoids, amino acid theanine present in green tea is also reported to exhibit biological activity, including anticarcinogenic effects [172] .
Potential anticarcinogenic, anti-inflammatory and reduction in radiation cytotoxicity effects of antioxidants have been of interest for the last 50 years. Antioxidants may prevent radiation toxicity by reducing direct effects, and minimizing indirect effect such as long-term oxidative damage. Molecules that are not primarily antioxidants can also act as radiation protectors by modify cell proliferation and signalling events through altering activity of growth factors, cytokines and DNA repair [207] . Both radiation enhancing and protecting effects have been reported in the literature. Combined effect of X-radiation with antioxidant epigallocatechin from green tea extract to enhance apoptosis of cancer cells has been reported [169] . On the other hand, another study shows protection of DNA damage from gamma radiation by epicatechin [170] . Theanine has been also shown to enhance antitumour activity of chemotherapeutic agents [171] . Anthocyanin-rich extracts have a protective role in colon carcinogenesis with multiple mechanisms of action [208] .
Therefore, it remains of great interest to study whether for example supplementation with antioxidants might be beneficial during cancer therapy or not. Polyphenols show wide variability in their bioavailability [209] . A direct and target delivery is desirable, since it would allow the treatment of local pathologies without significant systemic side effects. In addition, antioxidants might degrade, become hazardous by oxidation reactions and change their original physical properties. Polyphenols have been entrapped in particulate drug carriers such as nanospheres, nanocapsules or liposomes to modify their biodistribution and target them to the site of action [210] . Nanoparticles with encapsulated catechins have been produced by spray drying to improve their bioavailability and resistance to oxygen and light [211] . Previous works have reported that a greater amount of catechins was delivered into solid tumour by liposomes than by its aqueous solution [212] . Drug release rate and vesicle size of liposomes may influence drug deposition in tumour tissues. Liposome-encapsulated antioxidants (α-tocopherol, L-ascorbic acid and their mixture) have been demonstrated in vivo to prevent oxidative attack during cerebral ischemia and reperfusion [213] .
Conclusions
Up-to-date literature supports the possibility of using QDs for light induced photooxidation via both Type II mechanism (generation of singlet oxygen) and Type I mechanism (generation of other reactive oxygen species and radicals) [214, 215] . However, this is only true for solutions and cells in vitro. It is therefore of further interest to select QDs that generate appropriate radicals and target fatal cellular sites, and to apply such selected candidates for photodynamic cancer therapy in systems in vivo.
Gold nanoparticles with silica shell have recently been described as biocompatible contrast agents possessing increased absorption of X-rays [216] . Metallic nanoparticles may increase therapeutic efficiency of radiotherapy by such selective scattering and/or absorbtion of ionizing radiation and thus allowing to decrease radiation dose and minimize side effects. Nanoparticles containing antioxidants have also been shown as effective adjuvants for radiotherapy. Scintillating nanoparticles are being investigated as light source for PDT for deep cancer treatment. Furthermore, radioprotection by nanoparticles to reduce or reverse deleterious effects of ionizing radiation also warrants further investigations. Schematic presentation of the most likely events occurring when a photon hits a quantum dot. Situation for a low-energy photon (ultraviolet, visible light, near infrared radiation): I) Charge transfer, where QD is a donor and A is an acceptor molecule, ΔE g is the energy gap of the quantum dot, e − and h + is an electron-hole pair generated by the absorption of the photon, II) Photosensitization, where the quantum dot is promoted from its ground state (a) to a higher energy excited state (b) and then to a "trap" state (c), from which by TET triplet ground-state oxygen ( 3 O 2 ) is promoted into a highly reactive singlet oxygen ( 1 O 2 ). Vibrational levels are depicted for illustrative purpose. Dashed arrows show non-radiative transitions. Situation for a high-energy photon (X-rays and gamma rays): III) Ejection of a high speed electron from an atom constituting the quantum dot due to the photon energy transfer to the electron (photoelectric ionization effect) or Compton scattering, where the incident photon is scattered continuing its voyage with lower energy until next event, IV) Photon annihilation on a nucleus of an atom and generation of an electron-positron pair. The positron will annihilate with a free electron releasing two 0.51 MeV photons, which will further lose their energy through photoelectric effect or Compton scattering. Electrons generated in the events III and IV will induce secondary high speed electrons as well as Auger electrons. Such electrons that succeed to escape into environment will be captured by an acceptor (water, biomolecule, oxygen, nitrogen oxides) in the vicinity of the quantum dot and induce biomolecular radicals, superoxide, hydroxyl radical, peroxynitrite anion or nitric oxide radical. Simplified diagram illustrating energy levels of a quantum dot compared to its semiconductor material in a bulk crystal. Electrons and holes in the quantum dot and the semiconductor crystal obey Pauli's exclusion principle when filling the energy states and their positions are shown schematically only. Adapted from Ref. [11] . Fluorescence microscopy detection of PPEI-EI-functionalized carbon dots in MCF-7 cells with one-photon (458 nm) and two-photon (800 nm) excitations. Shown in the insets are signals likely associated with single carbon dots. Schematic presentation of the nanoparticle-based X-ray-induced PDT. Under ionizing radiation a nanoparticle starts to scintillate transferring its energy into a conjugated porphyrin molecule, which then generates singlet oxygen necessary to produce photosensitizing effect. This methodology will help to treat nodular and deeper tumours due to higher penetrating capacity of X-rays and gamma rays compared to that of visible light commonly used in PDT. 
